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Introduction

SYCHEV'S1 high-incidence hypersonic similitude is ap-
plicable to a wing provided it has an extremely small span

in addition to small thickness. The unsteady infinite span case
has been analyzed, but mostly for small flow deflections. The
piston theory of Lighthill2 neglects effects of secondary wave
reflection. Appleton3 (see Orlik-Ruckemann4 for some
corrections) and Mclntosh5 have included these effects.
Hui's6 theory is valid for wedges of arbitrary thickness
oscillating with small amplitude provided the bow shock
remains attached. Ericsson's7 theory covers viscous and
elastic effects for airfoils with large flow deflection. Orlik-
Ruckemann8 has included viscous effect, and Mandl9 has
addressed small surface curvature effect for oscillating thin
wedges. Ghosh's10 similitude and piston theory for the in-
finite span case with large flow deflection is recounted in this
paper; it is valid for airfoils with planar or nonplanar sur-
faces, whereas Hui's6 theory is for plane wedges. Ghosh's10

piston theory has been applied to nonplanar cases, both
steady and unsteady. The effect of viscosity and secondary
wave reflection has not been included.

Analysis
Figure la shows an airfoil with attached bow shock,

oscillating with small amplitude and frequency, having its
windward nonplanar surface at an arbitrary incidence. The
surface departs from y = 0 plane by a small amount. The x
axis is coincident with the chord of the windward surface in its
mean position, and the lee surface pressure is considered
negligible. The angle between the x axis and bow shock at
leading edge is 0, which is a small quantity for hypersonic
flow for incidences away from shock detachment. For the
purpose of order-of-magnitude analysis, the windward
surface is assumed planar so that </> = /? — a, where /3 is the
shock wave angle. From oblique shock relations, for large
M^ andr(sp. heat ratio) = 1.4, M\ sin 20 = 0.143, or

sm-1(l/M2)=sin-12.64(t>±2.64<t>... (1)

Therefore, 6, inclination of the characteristics behind the
shock, is 0(0). The perturbation velocities in y and x
directions are qy =0((/00sina) and qx = Q(<t>U00smot) . This
suggests the transformations: and x=<j>~1x/

However, for large 0,6 = 0(0) is no longer valid, and the
second transformation is not appropriate. For validity of this
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Fig. 1 b) Plane and nonplanar wedge; transfer of pivot position
from x0 to XQ .

theory, 0<0.175 rad=10 deg. This implies, from Eq. (1),
that the lower limit for M2 is around 2.5. An analysis follows
resembling the small disturbance theory and, therefore, is
omitted here. A similitude where flow equations reduce to
one-dimensional unsteady form is obtained, and hence, the
piston analogy. The error in this theory is of 0(02). The
nonplanar windward surface may depart from y = 0 plane as
much as in the case of corresponding compression surface in
hypersonic small disturbance theory in which the condition
M2>2.5 is also implicit since the characteristics are required
to be at small inclinations. Therefore, the present similitude
includes the two-dimensional small disturbance similitude for
the compression side.

The similarity parameters can be shown to be M^sino; and
0M00cosa. However, for the flat plate case, the latter is not an
independent parameter (since 0 is wholly determined by M^,
a, and r) , but it is automatically satisfied if the former is
satisfied, as shown below. From oblique shock relations, for

or

But, for a nonplanar surface, for example, the biconvex
airfoil 0 is not determined by M^,, r and a. Then, ^M^ cosa
is an independent similarity parameter.
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Fig. 2 Flat surface: pressure vs incidence, r=1.4; biconvex airfoil
(semi-nose-angle 11.3 deg): pressure vs position, a = 30 deg, r = 1.4.

Piston Theory
The airfoil geometry and motion gives piston velocity up,

which is related to pressure/?. Since the piston Mach number
Mp^Up/a^^l, instead of the approximate expression of
Lighthill,2 the exact expression is used which can be written in
quadratic form in pressure ratio, yielding

p_
Poo

B=( V
\r+l) (2)

Pressures on a steady flat plate and biconvex airfoil (semi-
nose-angle 11.3 deg) have been calculated (Fig. 2). This theory
has been applied for an oscillating plane wedge. The two
surfaces of the wedge can be treated separately as flat plates
(Fig. Ib). Consider the lower one oscillating about x=x0. The
nose down moment

-,77=1 (x-x0)pdx... (3)

The stiffness and damping derivatives are, respectively,

1 /-dm\ _ 7' -dm\r^a~)' w* HPO.I/O.L*

evaluated at a = 6 and a = 0. Piston Mach number

Mp= — (x-x0)a]... (4)

By combining Eqs. (2-4), differentiation within the integral
sign and integration are performed. Then, shifting axis of
oscillation from x0 to x'0 (Fig. Ib) and defining h as x'0/c,
x0 = hLcos26. Multiplying by 2 for effects of two sides and
replacing L by C in nondimensionalizing, the derivatives of a
plane wedge are
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Fig. 3 Stiffness and damping derivatives of plane and nonplanar
wedges, Mw =10, 0 = 15 deg, r= 1.4.

-Cm& = ( r+7 ) (tan0/cos20) (2 + D + l/D)

(5b)

where

~i 'A i
(

J /

r / 4 \2
D=\( —— )

L\y+l/

Oscillating Nonplanar Wedge
A nonplanar wedge is obtained by superposing parabolic

arcs on the two sides of the plane wedge (Fig. Ib). The slope
of the lower parabolic arc, dy/dx = \(2-x/L — 1), where
A( < 1), is the slope at the leading edge.

Mp= (x-x0)a}/a( (6)

Combining Eqs. (2), (3), and (6) and thereafter following the
same process as in the case of a plane wedge, the aerodynamic
derivatives are obtained.

-Cm =
( r+7)

and

-Cm = (5a)

where

I, =Ml (Hsin20- (2\cos26)/3.0)

I 2 = [ ( -MQ0z3/2/(3b)} [HcosO+ (HXsmO + cosO)

X(5a-3z)/(5b)+\sm0(15z2-42az+35a2)

/(35b2)}]l=a
a^
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I3 = [ (A/ooZ '/21 (2\cosO) } { -HsinOcosB

+ (3z2-10az + 15a2)\

Jj = Mw sin0 •H2+M<30 (sin0 - 2\Hcosd) 13.0

J2=[[-2z3/2/(3b)}{H2/4.0+H(5a-3z)/(10b)

+ (15z2-42az + 35a2)/( 140b2)} ] '=*-£

J3 = [{ -z!/2/(\cosO)} ((H2$mO)/4.0

-H(smO-\Hcos6) (z-3a)/(6b)

+ (sin0- 4X//cos0) (3z2 - 10az+15a2) / (60b2)

+ \(5z3-21z2a + 35za2 -35a3)cos0/ ( 7 0 b 3 ) } ] *=«+£

In the preceding equations,

H=l-2hcos2e, a = [4/(r+l)]2+M2
0sin20, and b = \

M£,sin20. Figure 3 compares results for plane wedge with
Hui's theory and also with convex (X positive) and concave (X
negative) nonplanar wedges.

Conclusion
Figure 2 demonstrates the theory's wide application range,

in incidence and Mach number, for planar and nonplanar
surfaces. It is free from the restrictions of LighthilPs2 theory
(a< 1, M^OL< 1) and Miles'n theory (a< 1, Mwa> 1). Figure
3 shows that the effect of convexity in nonplanar wedges is to
decrease stiffness and shift damping minima towards the
leading edge. Differences with Hui's theory for the plane
wedge are attributed to neglect of secondary wave reflections
in the present theory.
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Flowfield Model for a Rectangular
Planform Wing beyond Stall

L E. Winkelmann* and Jewel B. Barlowt
University of Maryland, College Park, Md.

Introduction

THE purpose of this Note is to propose a new, general
flowfield model for the separated flow over a rectangular

planform wing at subsonic speeds and high angles of attack.
This model is consistent with earlier observations such as
reported in Refs. 1-5, but is primarily inspired by new ex-
perimental studies at the University of Maryland. Oil flow
studies by Winkelmann et al.6 have shown strong counter-
rotating swirl patterns to occur on reflection plane and full
span "two-dimensional" rectangular wings with NACA 0015
and NACA 64}A211 airfoils in the vicinity of stall. The
results of more recent wind tunnel tests (to be reported in this
Note) have also shown counter-rotating swirl patterns to exist
on stalled finite wings which were free of any direct wall
interference effects.

Experiment
Wind tunnel tests were conducted using a series of rec-

tangular planform wings, all with the same 8.89-cm chord
14% Clark Y airfoil section. Primary interest was in the
poststall behavior and flowfield. Three test series were
completed: 1) a wing model \vith an aspect ratio AR = 3.5 was
tested in the 0.46x1.17 m Aerospace Tunnel at a Reynolds
number based on a chord of Rec = 245,000; 2) a wing model
with AR = 2.86 was tested in a 0.38 x 0.38 m student tunnel at
Rec = 260,000, and 3) a set of wing models with AR = 3, 6, 9,
and 12 were tested in the 2.36x3.35 m Glenn L. Martin
Tunnel at Rec = 385,000. Photographs of surface oil flow
patterns were obtained in all three cases. Lift, drag, and
pitching moment data were taken during the first test series,
and a number of exploratory flowfield studies were made
during the second test series.

Results
Figure 1 shows a photograph of the oil flow patterns

developed on the upper surface of the AR = 3.5 wing (test
series 1) at an angle of attack a = 22.8 deg. The lift coefficient
at this point had already gradually rolled off from a
maximum at 20.0 deg. A large region of reversed flow is
apparent at the central portion of the wing. The oil flows into
a pair of counter-rotating swirl patterns and collects in node
points. The leading edge separation bubble is highly three-
dimensional with the oil tending to form a characteristic
"bead-like" pattern.

The * 'mushroom" shaped three-dimensional separation cell
started to develop at a- 18 deg with the first signs of trailing
edge separation occurring at a. — 15 deg. The trailing edge stall
cell grew in size until, at a = 26.1 deg, the surface pattern
abruptly changed and the three-dimensional separation line
extended to the leading edge. This abrupt change was ac-
companied by a sudden loss of lift and a noticeable increase in
wing buffeting. With increasing a, the counter-rotating swirl
patterns were located near the wing tips and a uniformly
reversed surface flow existed over most of the span.
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